F11ght testing of a highly loaded, large hub/tip ratlo counterrotation pusher propeller engine concept was begun in 1987.
The demonstrator propeller engine was flown on both a Boeing B-727 and a McDonald Douglas MD-80 ( fig. 2) . On the B-727, the engine was flown in an 8/8 configuration (eight blades on the front rotor and eight blades on the rear).
On the MD-80 aircraft, an 8/8 as well as an increased forward blade number (I0/8) configuration were flown. More information on the demonstrator propeller engine can be found in reference 2.
The data presented in this report are only part of the data which were collected in a series of tests done in the Lewis 8-by 6-Foot Supersonic Wind Tunnel.
These tests were done with a counterrotation pusher propeller test rig (CRP/PTR), and they investigated the aerodynamic performance of the demonstrator model configuration as well as several other configurations.
Details on the tests done with the CRP/PTR at cruise conditions and on the performance of the demonstrator model configuration are presented in reference 3. Lowspeed data were also collected with the CRP/PTR (ref. 4) .
The purpose of the tests which led to this paper was to experimentally investigate the effect on counterrotation propeller cruise efflciency of two takeoff noise-reduction concepts, namely, reduced aft propeller diameter and increased forward blade number.
Data are also presented that compare the baseline configuration and the demonstrator model configuration.
Acoustic data collected in conjunction with these tests are presented in reference 5.
TEST FACILITIES

Nind Tunnel
This test was performed in the NASA Lewis 8-by 6-Foot Supersonic Wind Tunnel.
The tunnel has a 14-ft-long perforated test section with 5.8-percent porosity to mlnlmize the model-wall interactions.
More details on this facility can be found in reference 6.
The tunnel Is capable of operating at Math 0.36 to 2.0, but was run at Mach 0.66, 0.71, 0.75, and 0.79 for this test.
A calibration of the wind tunhe] test section, which accounted for model interaction effects with the CRP/ PTR installed, was done after performance testing was completed.
The results of this calibration are presented _n reference 7 and show that the actual test Mach numbers were slightly lower than those set during the test.
The Mach numbers presented in this report have been corrected on the basis of this calibration. The F1 and A1 blades have a similar planform and were used in the baseline (Fl/Al) configuration.
Propeller Models and Configurations
The A3 blade is seen to have a cropped tip and an increased chord.
The reduced aft diameter FI/A3 configuration was tested with the same forward rotor blade as the Fl/Al configuration, but with a different aft rotor blade.
The A3 
Propeller Test Rig
The propeller models were tested with the CRP/PTR, which is shown in a cross-sectlonal view of the test section in figure 5 and mounted in the wind tunnel in flgure 6. Reference 8 gives a detailed description of the CRP/PTR. From an aft-looklng-forward position, the forward rotor and inner shaft rotate In a counterclockwise di,'ection, whlle the rear rotor and outer shaft rotate in a clockwise direction.
The distance between the rotors, 4.16 in., is measured from the blade pitch-change axis of the forward rotor to the blade pitch-change axis of the aft rotor. 
Rotating Balances
Each rotor is mounted on a rotating balance that measures the thrust and torque produced by each propeller.
Temperature and centrifugal force are measured on each balance.
Signals from each balance are transmitted via a telemetry system to an on-board antenna assembly which connects to a monitoring station in the control room.
Static
calibrations of the balances were done, and coefficients were supplied, by the manufacturer. Before the testing began, static calibrations were made in the wind tunnel.
These calibrations confirmed the static coefficients.
Dynamic spin calibration checks were made on four of slx identical balances at a contractor facility.
The checks confirmed the analyses, which predicted a reduction in measured thrust and a slight reduction in measured torque as a function of rotational speed.
The magnitude of the corrections to thrust and torque are documented in reference 3. The blade angle (_) settings could only be changed before or after a tunnel run; therefore, blade angle settings remained constant for the entire run.
PROGRAM DESCRIPTION
The blade angle is measured statically at a nominal three-quarter blade radius.
Thls radius is defined as 9.188 in. for all blades except the reduced diameter blade.
For the reduced diameter blade, A3, the three-quarter radius is defined as 7.877 in. After the minimum power point was set, speed was varied in 200 rpm increments from the minimum power point, until a maximum power point was reached. Whenever possible, data polnts were also taken at I05 to 80 percent of design speed in increments of 5 percent while decreasing the rotor speeds from the maximum power point. Part (c) of these figures presents the aft-to-forward torque ratio (RTQ) versus advance ratio (J). The steepness of the data curves is characteristic of high-speed data taken with these counterrotation propellers.
In
The front rotor windmill speed was much less than that of the rear rotor (on the order of 700 rpm). This madeit necessary to power or load up the front rotor in order to match speeds before power was applied to the rear rotor.
Therefore, the rear rotor torque started out muchlower than did the front. Therefore, compressibility effects on the F1 and A1 blades would be greater than on the A3 blade and probably contribute to the difference in power absorption shownearlier.
An additional contribution to this difference in power absorption may be due to the fact that the A3 blade is stiffer than the Fl and A1 blades. The decrease in power absorbed by the Fl and A1 blades could be the result of a deflection of the blades as they load up at the higher Mach numbers. This possible deflection could cause a change in the amountof power absorbed by the blades. The stiffer A3 blade would not have as large a deflection and there-Fore would absorb the samepower at all Mach numbers.
The trend identified by these data is also illustrated in the plots of aft-to-forward torque ratio (RTQ) versus power loading parameter (figs. 21 to 26). Notice that the FI/AI torque ratio data For the different Machnumbers at the sameblade angle tend to collapse onto a single curve (figs. 2l to 23). The 9/8 configuration data ( fig. 23) show that the different Machnumber data do separate somewhat,but not by a significant amount. However, the FI/A3 torque ratio curves <figs. 24 to 26) show an increase in torque ratio at a constant power loading parameter with an increase in Mach number. Therefore, for a glven blade angle, torque ratio versus power loading parameter is Independent of Machnumberfor the FI/A] configuration, but not for the FI/A3 configuration.
Efficiency Comparisons
In order to compare the performance of the different configurations, it is necessary to evaluate the efficiencies at the samepower coefficient and advance ratio.
The only place where the four configurations of this report can be directly comparedis at a 121 percent power point (J = 2.70, PQA T = 4.46) of Mach0.71. At thls point, the two 9/8 configurations have a matching power coefficient and advance ratio and there are enough data from the 8/8 configurations to allow for extrapolation to match the conditions of the 9/8 configurations. Table III shows that at th_s 121 percent power point, reducing the aft blade dlameter decreased performance, and increasing the forward blade number increased performance. The efficiency of the baseline (FI/AI 8/8) configuration is 77.6 percent. This is better than that of the reduced aft diameter (FI/A3 8/8) configuration by 2.2 percent. However, it is not as good as the increased forward blade number (FI/AI 9/8) configuration, which has an efficlency of 78.3 percent. The incorporation of the two noise-reduction concepts, which led to the FI/A3 9/8 configuration, showedimproved performance over the FI/A3 8/8 configuration of 0.9 percent. The performance of the Four configurations can be evaluated at the design power loadlng (PQAT/J3= 0.1875). However, the advance ratio at these points, although near, does not equal design (O = 2.81). Other data show that near the 100 percent design point, the efficiency is insensitive to small changes In advance ratio (ref. 3). Therefore, an assessment of the I00 percent power loading performance of the four configurations was made( fig. 27 ) and comparedwith the performance of the F7/A7 8/8 configuration (ref.
3). The points used in these comparisons were evaluated at the design power loading and as close as possible to the design advance ratio.
The magnitude of the difference between the advance ratio at which the evaluations were madeand the design value was no more than 0.09 (a difference of 3 percent).
Beside the performance comparisons, the ideal induced efficiency for an 8/8 configuration is also shown in figure 27 . The ideal induced efficiency represents the efficiency of an optimally loaded propeller operating in a nonviscous fluid (ref. 9). Calculations of ideal efficiency are based on the momentum theory with a correction for tip losses. For counterrotation, the prediction includes no loss in efficiency due to swirl. Therefore, differences between ideal and measuredefficiency represent losses that are caused by viscous, compressibility, and residual swirl effects.
The sameobservations can be seen in figure 27 as were seen in table III. Reducing aft blade diameter decreased performance, and Increasing forward blade number Increased performance. In additlon, the efficiency of the FI/AI 8/8 configuration decreased as comparedwith the F7/A7 8/8 configuration.
A comparison of the performance of the FI/AI 8/8 configuration with the FI/A3 8/8 configuration reveals that the efficlency level of the FI/AI is higher than that of the FI/A3 ( fig. 27 ). At the design Machnumber of 0.72, the FI/AI configuration efficiency is seen to be 78.1 percent and that of the FI/A3 configuratlon is 76.5 percent. This represents a reduction in efficiency, caused by the reduced aft diameter blades, of approximately 1.6 percent.
The reduction in efficiency of the FI/A3 configuration is presumably due to the shortened span of the A3 blade. Although the A3 blade has an increased chord and the blade angle of the blade was set to produce matched torque at matched speeds, it cannot recover the swirl that a full-size blade would have recovered. It is possible that the A3 blade overcompensates for swirl over the length of its span, but allows uncorrected swirl passage in the region outboard of the cropped tip.
Similarly, the A3 blade cannot produce the sameinduced flow conditions at the front rotor that the A1 blade does. However, any change in induced flow to the front rotor does not seemto be affecting the power requirements of the forward blades. In the results shown, the F1 blade seems to absorb the samepower when acting with the A3 blade as with the A1 blade. Nonetheless, sometype of flow documentation would be required in order to say what factors are actually contributing to the decline in efficiency of the FI/A3 conflguration.
The ideal induced efficiency for the 9/8 configuration is 89.7 percent, approximately 0.2 percent higher than the value shown ( fig. 27 ) for the 8/8 configuration.
However, the FI/AI 9/8 configuration improves efficiency by 1.0 percent at the design Mach numberof 0.72. In view of the smaller distance between blades for the 9-bladed rotor relative to the 8-bladed rotor, higher compressibility losses could be expected. However, any increase in compresslbility losses developed because of the increased forward blade number configuration was offset by other gains.
Whenthe nine-bladed rotor operates at the samepower as the eight-bladed rotor, improvements _n efficiency may stem from lower losses resulting from reduced loading per blade on the front rotor or possibly from an improved loading distribution on the front rotor. If advance ratio and power loading are the samefor both the nine-and eight-bladed rotors, then in order for the efflclency to go up, the thrust must have improved. Thus, the additional blade does provide an additional amountof thrust.
Both of the takeoff noise-reduction concepts are incorporated in the FI/A3 9/8 configuration.
At the design Mach numberof 0.72, the FI/A3 9/8 configuration has a net efflciency of 77.3 percent, which is only slightly lower (approximately 0.8 percent) than the Fl/Al 8/8 configuration (fig. 27 ). The incorporation of the 9/8 configuration into the FI/A3 model, therefore, allows for the recapture of part of the loss in efficiency resulting from the reduced aft diameter blades. figure 27 is the performance of the demonstrator (F7/A7 8/8) configuration.
Also shown In
At the design Mach numberof 0.72, the efficiency of the FT/A7 is 79.6 percent, whlch is 1.5 percent higher than that of the FI/AI 8/8 configuratlon.
In the region of Mach0.66, the performance of the FI/AI 9/8 configuratlon is higher than that of the F7/A7 8/8 configuration.
With this exception, the performance of the F7/A7 8/8 configuration is better than that of all other configuratlons shown. On the basis of the performance of the configurations shown, it would appear that the F7/A7 configuration efficiency would improve if it were flown in a 9/8 conflguration.
Noise studies showthat there is a slgnificant noise reduction at cruise 
SUMMARY OF RESULTS
The cruise performance of two takeoff noise-reduction concepts was documented. A baseline and reduced aft diameter model were tested in both a baseline and an increased forward blade number configuration.
Data were collected at Machnumbersof 0.66, O.71, O.75, and 0.79 in the NASALewis 8-by 6-Foot Supersonic Nind Tunnel. Tests were conducted with a counterrotation pusher propeller test rig.
Comparisons were madeat the I00 percent power loading condition.
The efficiency of the baseline configuration, FI/AI 8/8, was 78.1 percent at the design Machnumberof 0.72. The reduced aft diameter (FI/A3 8/8) propeller showedlower performance (on the order of 1.6 percent) than the baseline propeller.
The increased forward blade number (FI/Ai 9/8) configuration showed higher performance (on the order of 1.0 percent) than the baseline configuration at the design Machnumber. The incorporatlon of the two takeoff no_sereduction concepts (FI/A3 9/8) resulted in only slightly lower cruise performance (on the order of 0.8 percent) than the baseline configuration.
The efficlency was higher (on the order of 1.4 percent) for the demonstrator model IO (F71A7 818) configuration than for the basellne model (FIIAI 8/8) configuration at the design Machnumber.
Changing from a full-slze aft blade (AI) to the reduced aft diameter (A3) blade seems to have no effect on the power requirements of the front rotor. The A3 blade shows no change in power absorption wlth a change in Mach number. The aft-to-forward torque ratio as a function of power loadlng parameter shows a dependence on Mach number for only the reduced aft diameter (FI/A3) configurations. .473
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